Five transcriptional promoters of biphenyl-degradation genes in Rhodococcus sp. RHA1 were characterized. We newly identified the etbA4 promoter region, which was located adjacent upstream from a ferredoxin reductase gene, etbA4 and a dihydrodiol dehydrogenase gene, bphB2. The etbA4 promoter activity was determined in RHA1 using a promoter probe vector with a luxAB luciferase reporter gene, and was induced by a variety of aromatic compounds as well as the bphA1, ebdA1, etbA1, and etbD1 promoters. All these promoters were induced by aromatic compounds in a closely related heterologous host, R. erythropolis IAM1399 in the presence of RHA1 bphST genes, suggesting that these five promoters are under the control of bphSTcoding two-component regulatory system. Sequence comparison of the bphA1 promoter with the ebdA1 and etbA1 promoters, whose transcription starts were determined by primer extension analysis, revealed a consensus sequence centering 42-bp upstream from the transcription start. This consensus was also conserved in the etbA4 and etbD1 promoters, and deletions of the bphA1 promoter affecting the consensus impaired inducible promoter activity. These results suggest that this consensus plays a role in transcription induction and/or the promotion of biphenyl degradation genes in RHA1.
Five transcriptional promoters of biphenyl-degradation genes in Rhodococcus sp. RHA1 were characterized. We newly identified the etbA4 promoter region, which was located adjacent upstream from a ferredoxin reductase gene, etbA4 and a dihydrodiol dehydrogenase gene, bphB2. The etbA4 promoter activity was determined in RHA1 using a promoter probe vector with a luxAB luciferase reporter gene, and was induced by a variety of aromatic compounds as well as the bphA1, ebdA1, etbA1, and etbD1 promoters. All these promoters were induced by aromatic compounds in a closely related heterologous host, R. erythropolis IAM1399 in the presence of RHA1 bphST genes, suggesting that these five promoters are under the control of bphSTcoding two-component regulatory system. Sequence comparison of the bphA1 promoter with the ebdA1 and etbA1 promoters, whose transcription starts were determined by primer extension analysis, revealed a consensus sequence centering 42-bp upstream from the transcription start. This consensus was also conserved in the etbA4 and etbD1 promoters, and deletions of the bphA1 promoter affecting the consensus impaired inducible promoter activity. These results suggest that this consensus plays a role in transcription induction and/or the promotion of biphenyl degradation genes in RHA1.
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Polychlorinated biphenyls (PCBs) are currently causing serious environmental problems. Bacteria capable of utilizing biphenyl as a carbon and energy source are distributed in the environment and can cometabolize PCBs. 1, 2) The biphenyl degradation pathway has been well studied, and extensive biochemical, genetic, and molecular analysis of the biphenyl degradation pathway has resulted in detailed knowledge of enzyme mechanisms. [3] [4] [5] We have isolated a Gram-positive biphenyl/ PCB degrader, Rhodococcus sp. strain RHA1, which has a great capacity to degrade highly chlorinated PCBs. 6) Multiple biphenyl/PCB degradation genes were found in RHA1, which includes aromatic ring hydroxylation dioxygenases, 7) ring-cleavage dioxygenases, 8) and ringcleavage compound hydrolases. 9) Expression of these multiple biphenyl degradation genes is induced simultaneously in the presence of aromatic compounds including biphenyl and ethylbenzene. Recently, we isolated and characterized twocomponent regulatory genes, bphS and bphT.
10) Their products, BphS and BphT corresponding to a sensor kinase and a response regulator respectively activated transcription of bphA1 in the presence of aromatic compounds including biphenyl, ethylbenzene, benzene, toluene, xylene, cumene, cymene, and chlorinated benzenes. In addition to the bphA1 promoter (P bphA1 ), the segments responsible for induction by biphenyl and ethylbenzene were identified in the region preceding etbD1 and the open reading frames located upstream from bphD1 and etbD2. 9) Open reading frames located upstream from bphD1 were designated etbA1 and etbA2, and coded large and small subunits of a ring-hydroxylation dioxygenase respectively. Those located upstream from etbD2 were designated ebdA1, ebdA2, and ebdA3, and coded large, small, and ferredoxin subunits of a ring-hydroxylation dioxygenase respectively (Fig. 1) . These dioxygenase subunit genes are supposed to be involved in biphenyl and ethylbenzene degradation, because they were induced by biphenyl and ethylbenzene. 7, 9) In this study, the involvement of bphST genes in the activation of degradation gene promoters other than the bphA1 promoter was examined. In addition to the etbD1, etbA1, and ebdA1 promoters (P etbD1 , P etbA1 , and P ebdA1 respectively) mentioned above, the etbA4 promoter (P etbA4 ) was also examined. etbA4 is estimated to code a ferredoxin reductase subunit of a ring-hydroxylation dioxygenase, and is followed by a dihydrodiol dehydrogenase gene, bphB2, which is located upstream from etbA1. The results obtained indicate that all the promoters are under the control of bphST, and enabled us to propose a consensus sequence among these promoters, which is deduced to be involved in the induction and/or promotion of the transcription of biphenyl degradation genes.
Materials and Methods
Bacterial strains, plasmids, and culture conditions. Rhodococcus sp. strain RHA1 was grown in LB (Bactotryptone, 10 g/liter; yeast extract, 5 g/liter; NaCl, 5 g/ liter), and W-minimal medium 11) containing one of the following carbon sources; 0.2% biphenyl, 0.2% sodium benzoate, 0.2% sodium succinate, ethylbenzene, toluene, benzene, and ortho-xylene. Ethylbenzene, toluene, benzene, or ortho-xylene were supplied via the vapor phase. Host strains, Rhodococcus erythropolis IAM1399 (ATCC15963) and Escherichia coli JM109 (recA1, endA1, gyrA96, thi, hsdR17, supE44, relA1,
were grown in LB. The plasmids used in this study are listed in Table 1 .
DNA manipulations and analysis. All the DNA techniques used, including gene cloning, nucleotide sequencing, electrotransformation (electroporation), and computer analysis of DNA sequences have been described previously. 9, 11, 12) Construction of a promoter probe vector and reporter plasmids. A promoter probe vector was constructed using a Rhodococcus-E. coli shuttle vector, pK4 13) and luxAB luciferase structural genes from Vibrio harveyi, and was designated pKLA1. 9) pKLA1 contains a unique SalI site for cloning of a DNA fragment containing a promoter region. To obtain pKLAEA4, the 2.3-kb SacI fragment containing the upstream region of etbA4 was made blunt-ended and inserted into the blunt-ended SalI site of pKLA1. The SpeI fragment of pBAB62 carrying The upper two fragments are located on the 1100-kb linear plasmid, pRHL1, and the lower three fragments are located on the 450-kb linear plasmid, pRHL2. A solid black bar indicates the promoter segment, which was inserted into the reporter plasmid and used for the luciferase assay. A double-headed arrow represents an intergenic segment that was expected to be amplified by RT-PCR. Numbers below the doubleheaded arrows correspond to those of the PCR primer sets presented in Table 2 .
bphST was made blunt-ended and inserted into the bluntended KpnI site of pKLAF1, pKLAED1, pKLAED2, pKLABD1, and pKLAEA4, to construct pKLBPHA, pKLETBD, pKLEBDA, pKLETBA, and pKLETA4 respectively. The transcription of bphST genes originated from the kanamycin resistance gene promoter of vectors.
Luciferase assay. Recombinant plasmids containing the luxAB reporter gene were introduced into RHA1 or IAM1399 cells by electroporation. Transformant cells grown on LB-containing kanamycin (50 g/ml) were washed with 50 mM sodium phosphate buffer (pH 7.0) and suspended in 10 ml of 1/5 LB containing kanamycin (50 g/ml) at an A 600 of 1.0. Each cell suspension was incubated for 5 h at 30 C in the absence or presence of an inducer compound, as indicated in the figures. Solid compounds were supplied as powder at a final concentration of 0.2%, and volatile compounds were supplied in vapor. The cell suspension was then diluted 1:10 in lux buffer, 14) and a 100-l aliquot was mixed with 390 l of lux buffer. After adding 10 l of 0.1% (v/v) 1-decanal in lux buffer to the resulting 490 l of diluted cell suspension, luciferase activity was measured using a luminometer (Lumitester K-100, Kikkoman, Noda, Japan). The total light generated during the initial 15 s was recorded, and the activity was expressed as light units per milliliter of culture per unit of A 600 .
Promoter deletion analysis. To obtain pKLFD6, pKLFD9, and pKLRD1 as in Fig. 4 , HincII-BamHI, BglII-BamHI, and AccI-XhoI fragments upstream from bphA1 were made blunt-ended and cloned into the blunt-ended SalI site of pKLA1. To obtain deleted promoter sequences in the other plasmids as in Fig. 4 , the insert fragment of pBXB were digested with exonuclease III. The reaction was terminated at timed intervals, blunt-ended with mung bean nuclease, and ligated with ligase. The KpnI-SacI fragments from the resultant plasmids were made blunt-ended and cloned into the blunt-ended SalI site of pKLA1 to obtain promoter deletion reporter plasmids, as indicated in Fig. 4 . These reporter plasmids were introduced into RHA1 cells and subjected to luciferase assay.
The deletion fragments of the promoter in Fig. 5 were made by PCR amplification using primers containing the SalI site. The nucleotide sequences of the primers are listed in Table 1 . To check the error of PCR products, 
For primers, restriction sites of SalI are underlined.
they were subcloned into the SmaI site of pBluescriptII KS+, and the nucleotide sequence of the PCR products were identified using ALFexpress DNA sequencer (Pharmacia Biothech, Milwaukee, Wisconsin, U.S.A.). SalI fragments of the plasmids harboring promoter derivatives were cloned into the SalI site of pKLA1 to obtain promoter deletion reporter plasmids, pKLA01, pKLA02, pKLA03, pKLA04, and pKLA05. These reporter plasmids were introduced into IAM1399 cells harboring pFST1, which carries the bphST gene and is compatible with these reporter plasmids. The transformants were subjected to luciferase assay.
Primer extension analysis. R. erythropolis cells harboring pKLETBA or pKLEBDA were grown in 1/5 LB or 1/5 LB with 0.2% biphenyl. Total RNAs were prepared as described by Ausubel et al. 15) Primer extension analysis using ALFexpress DNA sequencer was carried out as described previously.
7) The nucleotide sequence was determined by the dideoxy termination method with ALFexpress DNA sequencer. The antisense Cy5 fluorescently labeled oliganucleotide sequences for ebdA1 and etbA1 were 5 0 -CCTGATAAATATCCGGA-TCGCTG-3 0 and 5 0 -CATGAAGAGAGTCATCACCC-TCG-3 0 respectively.
Reverse transcription-polymerase chain reaction (RT-PCR). RT-PCR was performed using the ReverTra Dash (Toyobo Co., Ltd., Osaka, Japan) as described in the manufacturer's protocol. One or two micrograms of total RNA was reverse-transcribed with random primers and PCR-amplified with each primer set for 30 cycles at an annealing temperature of 55 C. RNA samples were analyzed concurrently in PCR mixtures without reverse transcriptase to verify the absence of contaminating genomic DNA. PCR mixtures were analyzed on a 2% agarose gel. The primers used for each intergenic region are listed in Table 2 .
Results and Discussion
Biphenyl-inducible etbA4 promoter In the region upstream from the etbA1 gene, we found new putative degradation genes having identity with the determinants for a ferredoxin reductase and a dihydrodiol dehydrogenase, which were designated etbA4 and bphB2 respectively. To examine the induction of these genes by biphenyl, reverse transcription-polymerase chain reaction (RT-PCR) was performed using the forward and reverse primers located within etbA4 and bphB2 respectively. As demonstrated in Fig. 2A, tran (Fig. 2B) . The induction profile of P etbA4 is largely similar to those of the previously characterized P bphA1 , P etbD1 , P ebdA1 , and P etbA1 , suggesting that these five promoters are under the control of the same regulatory system.
Involvement of bphST genes in the induction of the five promoters
Because the induction of P bphA1 was proven to be regulated by bphST, the remaining four promoters are supposed to be under the control of the bphST regulatory system. To examine this possibility, the SpeI fragment of pBAB62 carrying bphST genes was inserted into the recombinant plasmid containing each of the five promoters P bphA1 , P etbD1 , P ebdA1 , P etbA1 , and P etbA4 in a promoter probe vector, pKLA1. The resultant plasmids, pKLBPHA, pKLETBD, pKLEBDA, pKLETBA, and pKLETA4, containing P bphA1 , P etbD1 , P ebdA1 , P etbA1 , and P etbA4 in front of the luxAB reporter gene respectively, were introduced into Rhodococcus erythropolis IAM1399. Because the rDNA sequence of RHA1 was closely related to that of R. erythropolis (around 97%), and the induction profile of P bphA1 by BphST in IAM1399 was largely similar to that in RHA1, 10) the induction profiles of these promoters by BphST in Table 2 . Primers Used for RT-PCR Primer Sequence Region to be amplified
IAM1399 were expected to reflect basically those in RHA1. Each transformant was subjected to luciferase assay (Fig. 3) . The luciferase activities of each recombinant were induced by biphenyl and ethylbenzene. Induction was not observed in the cells harboring pKLAF1, pKLAED1, pKLAED2, pKLABD1, or pKLAEA4, which lacked bphST genes. These results indicate that the bphST-coding regulatory system controls the transcriptional induction of these five promoters, which appear to constitute a regulon. Although such simultaneous induction of multiple promoters responsible for the expression of diverse degradation enzymes by different inducing substrates appears to be useless to degrade a specific substance, it is advantageous to evolve the new metabolic pathway for a new substance. Such a regulatory mechanism might have made rhodococcal bacteria gain a degradation capacity for a variety of substances.
Localization of the sequence involved in the induction of P bphA1
The promoter consensus sequence in rhodococcal strains has remained unclear. To limit the promoter region of P bphA1 , deletion analysis of the 1.4-kb XhoIBamHI fragment in pKLAF1 was performed. The deletion derivatives of the 1.4-kb XhoI-BamHI fragment presented in Fig. 4 were inserted into a promoter probe vector, pKLA1, and were introduced into RHA1 cells. The respective transformants were subjected to luciferase assay. Among the derivatives, which have deletions in the upstream region, the induction of luciferase activity by biphenyl was observed in the cells harboring pKLFD1 to pKLFD8 but not in those harboring pKLFD9. Among the derivatives, which have deletions in the downstream, the induction of luciferase activity by biphenyl was observed in the cells harboring pKLRD1 and pKLRD2 but not in those harboring pKLRD3 or pKLRD4. These results indicate that the promoter sequence of P bphA1 resides in the region between nucleotide positions À31 and À272 from the initiation codon of bphA1.
To address the promoter region of P bphA1 precisely, further deletion analysis of the above mentioned region was performed. The upstream deletion derivatives were prepared by PCR amplification using the forward primers starting from P01 to P05, and the reverse primer starting from PbphA1R. The PCR-amplified fragments were cloned in the SalI site preceding the luxAB genes of a promoter probe vector, pKLA1. The resultant derivatives were introduced into IAM1399 cells harboring a compatible plasmid pFST1 containing the bphST gene. The transformants were subjected to luciferase assay. As illustrated in Fig. 5 , induction of luciferase activity by biphenyl was observed in the cells harboring pKLA03 to pKLA05 but not in those harboring pKLA01 or pKLA02. Cells harboring pKLA01 and pKLA02 seemed to lose basal transcriptional activity. These results suggest that the sequence between P02 and P03 is involved in the induction and/or promotion of transcription from P bphA1 . The sequence between P02 and P03 corresponds to the region between nucleotide positions À198 and À208 from the initiation codon of bphA1, and to the region between nucleotide positions À42 and À52 from the biphenyl-inducible transcription start site, which was determined previously. 10) Primer extension analysis of P ebdA1 and P etbA1 In order to compare the promoter sequences, the transcription start sites of P ebdA1 and P etbA1 were determined. Primer extension analysis was performed using Cy5-labeled PEXebdA1 and PEXetbA1 primers, (A) Intergenic RT-PCR product between etbA4 and bphB2. Total RNAs from RHA1 cells grown on LB, biphenyl (BPH), or ethylbenzene (ETB) were reverse-transcribed. The reverse transcripts were subjected to PCR amplification using the primer sets indicated in Fig. 1 and Table 2 . RNA samples were concurrently analyzed in PCR mixtures with (+) and without (À) reverse transcriptase (RT) to verify the absence of total DNA. The arrowhead to the right of a panel indicates the position and size of the PCR product. (B) Induction profile of the etbA4 promoter region in RHA1. The 2.3-kb SacI fragment of the etbA4 upstream region was cloned into a promoter probe vector, pKLA1. The resultant plasmid, pKLAEA4, was introduced into RHA1. Transformants were grown in 1/5 LB in the absence (none) or in the presence of succinate (SUC), benzoate (BA), biphenyl (BPH), benzene (BEN), toluene (TOL), ethylbenzene (ETB), or xylene (XYL), and were subjected to luciferase assay. Results are means AE standard deviations from at least three determinations. pKLBPHA, pKLETBD, pKLEBDA, pKLETBA, and pKLETA4 are reporter plasmids carrying bphST and the promoter segments indicated at the bottom. The reporter plasmids, pKLAF1, pKLAED1, pKLAED2, pKLABD1, and pKLAEA4 contain only the promoter segments indicated below. IAM1399 cells harboring reporter plasmids were grown in 1/5 LB in the absence (none) or in the presence of biphenyl or ethylbenzene. Results are means AE standard deviations from at least three determinations. The fragments subcloned into the SalI site of pKLA1 are represented by solid bars. The RHA1 cells harboring the respective plasmids were grown in 1/5 LB in the presence or the absence of biphenyl, and were subjected to luciferase assay. The numbers below the solid bars represent the distances from the initiation codon of bphA1. Results are means AE standard deviations from at least three determinations.
which are complementary to the sequence spanning nucleotide position þ87 to þ109 and À70 to À93 relative to the initiation codon of ebdA1 and etbA1 respectively. Total RNAs were isolated from IAM1399 cells harboring pKLEBDA or pKLETBA. Because the coding sequences of ebdA1 and etbA1 are identical except for one nucleotide, IAM1399 cells were employed to avoid the hybridization of PEXebdA1 primer to etbA1 transcript in RHA1 cells. The 5 0 ends of the major and minor ebdA1 transcripts induced by biphenyl were mapped to 76-and 44-nucleotide upstream from the initiation codon respectively (Fig. 6) . The minor transcript was perhaps generated by 5 0 -end processing of the major transcript. The 5 0 end of the biphenyl-induced major transcript of etbA1 was mapped to 362-nucleotide upstream from the initiation codon (Fig. 7) .
To address the extent of transcription from P ebdA1 and P etbA1 , RT-PCR was performed, as presented in Fig. 8 . All the products between ebdA1 and ebdA3, between ebdA3 and etbD2, between etbA1 and etbC, and between etbC and bphD1 were detected, and had sizes equal to those estimated. These results appear to suggest that each set of ebdA1A2A3etbD1 and etbA1A2CbphD1 genes is transcribed simultaneously as an operon.
To find the conserved sequence motifs, P bphA1 , P etbA1 , and P ebdA1 sequences were aligned adjusting the transcription start sites of these promoter sequences (Fig. 9) . None of these promoter sequences contain the potential promoter sequences of Rhodococcus proposed previously. 16, 17) Possible promoter consensus sequences of E. coli, Bacillus, and Streptomyces were not found around the appropriate positions of their transcription (A) Nucleotide sequence of the region upstream of bphA1. The arrowhead indicates the transcription start site of bphA1. The closed bent arrows represent the borders of subcloned fragments presented in Fig. 4 . The open bent arrows represent the borders of PCR-amplified subclone fragments using the primers indicated in Table 1 . Each subclone fragment was introduced into the SalI site of a promoter probe vector, pKLA1. The consensus sequence is underlined (see Fig. 9 ). The start codon of bphA1 is boxed. (B) Luciferase activities of R. erythropolis IAM1399 cells harboring reporter plasmids. The reporter plasmids were introduced into IAM1399 cells harboring the bphST-containing plasmid, pFST1 and were subjected to luciferase assay. Results are means AE standard deviations from at least three determinations. start sites. On the other hand, the sequence CCGTA-GTTTTCCCGGATG of P bphA1 , spanning the region between nucleotide positions À34 and À51 from the transcription start site was found to be principally conserved among these three promoters. A similar sequence was also conserved in the upstream region of P etbD1 and P etbA4 . As illustrated in Fig. 9 , the alignment of the conserved sequences gave the consensus CcGTAgTTTttcCGGATG, where the small letters indicate the dominant nucleotides among the five promoter sequences. This sequence may play a role in the transcription start as a part of the promoter sequence, or in induction by the bphST-coding regulatory system by providing the binding site of the bphT gene product. This consensus was also found preferentially in the regions upstream from the degradation enzyme genes of aromatic compounds in Rhodococcus degraders, such as Rhodococcus sp. M5 biphenyl degradation (bpd) genes (U44891), R. globerulus P6 and R. erythropolis TA421 biphenyl degradation (bph) genes (X80041 and D88020 respectively), R. erythropolis BD2 isopropylbenzene degradation (ipb) genes (U24277), and Rhodococcus sp. DK17 alkylbenzene degradation (akb) genes (AY502075). Thus this sequence may be involved in a specific transcriptional regulatory mechanism for aromatic degradation enzymes preferentially shared by Rhodococcus degraders. Double-headed arrows represent intergenic segments that were expected to be amplified by RT-PCR. Numbers below the double-headed arrows correspond to those of the PCR primer sets presented in Table 2 . Total RNAs from RHA1 grown on LB, biphenyl (BPH), or ethylbenzene (ETB), were reverse-transcribed. The reverse-transcripts were subjected to PCR amplification using the respective primer sets. RNA samples were concurrently analyzed in with (+) and without (À) reverse transcriptase (RT). An arrowhead indicates the position and the size of each PCR product. The upstream sequences of bphA1, etbA1, ebdA1, etbD1, and etbA4, were aligned with respect to the consensus sequence respectively. The nucleotide position À10 and À35 from bphA1 transcription start site was indicated. The distance to the initiation codon is given in brackets. The open boxes indicate the transcription start sites. The consensus sequence was indicated above the alignment. The large and small letters indicate the completely conserved and the dominant nucleotides among the five promoter sequences respectively.
